Hehenberger et al. describe three novel Holozoa and infer an updated phylogenomic framework for this group, in the course recovering a new lineage. Using comparative genomics, they show the presence of a two-component signaling system across all unicellular Holozoa and suggest the loss of this signaling system with the origin of animals. Hehenberger et al., 2017, Current Biology 27, 2043-2050 July 10, 2017 
Correspondence helisabe@mail.ubc.ca
In Brief
Hehenberger et al. describe three novel Holozoa and infer an updated phylogenomic framework for this group, in the course recovering a new lineage. Using comparative genomics, they show the presence of a two-component signaling system across all unicellular Holozoa and suggest the loss of this signaling system with the origin of animals.
SUMMARY
Our understanding of the origin of animals has been transformed by characterizing their most closely related, unicellular sisters: the choanoflagellates, filastereans, and ichthyosporeans. Together with animals, these lineages make up the Holozoa [1, 2] . Many traits previously considered ''animal specific'' were subsequently found in other holozoans [3, 4] , showing that they evolved before animals, although exactly when is currently uncertain because several key relationships remain unresolved [2, 5] . Here we report the morphology and transcriptome sequencing from three novel unicellular holozoans: Pigoraptor vietnamica and Pigoraptor chileana, which are related to filastereans, and Syssomonas multiformis, which forms a new lineage with Corallochytrium in phylogenomic analyses. All three species are predatory flagellates that feed on large eukaryotic prey, and all three also appear to exhibit complex life histories with several distinct stages, including multicellular clusters. Examination of genes associated with multicellularity in animals showed that the new filastereans contain a cell-adhesion gene repertoire similar to those of other species in this group. Syssomonas multiformis possessed a smaller complement overall but does encode genes absent from the earlierbranching ichthyosporeans. Analysis of the T-box transcription factor domain showed expansion of T-box transcription factors based on combination with a non-T-box domain (a receiver domain), which has not been described outside of vertebrates. This domain and other domains we identified in all unicellular holozoans are part of the two-component signaling system that has been lost in animals, suggesting the continued use of this system in the closest relatives of animals and emphasizing the importance of studying loss of function as well as gain in major evolutionary transitions.
RESULTS AND DISCUSSION
Expanding the Phylogenomic Framework for Holozoa Three novel holozoan taxa were isolated from freshwater and/or freshwater sediments: Syssomonas multiformis, Pigoraptor vietnamica, and Pigoraptor chileana (see STAR Methods for formal taxonomic diagnosis). The most conspicuous characteristic of all of the three is their ability to readily feed on eukaryotic prey similar in size to themselves, an unusual if not unique feeding mechanism in unicellular holozoans (Figure 1C ). Although they capture only the cytoplasmic content of eukaryotic cells, reminiscent of the phagocytotic uptake of Schistosoma mansoni sporocyst content by the filasterean Capsaspora owczarzaki in lab conditions [6] , they can also engulf bacteria and small detritus, similar to the phagocytotic uptake of bacteria in choanoflagellates [7] . These taxa are also morphologically plastic: all three form flagellates ( Figures 1A-1C , 1I, 1J, 1M, and 1N), but also cysts, and even multicellular clusters ( Figures  1F-1H , 1K, 1L, 1O, and 1P). Syssomonas multiformis exists in amoeboflagellate and amoeboid stages ( Figures 1D and 1E ). The many forms of S. multiformis in particular indicate highly complex life cycles.
To place the new species into a phylogenetic framework, we built on a previously published dataset of 263 genes [8] , extensively expanding the taxon sampling for unicellular relatives of animals and also adding several early-branching animals. The final curated data matrix contained 255 genes (81,495 aa positions) from 38 taxa, with 12% missing data overall (Table S1 ). Using this 255-gene dataset, we resolved the position of the new species and also the branching order of holozoan subgroups as a whole with moderate to high support. Overall, this tree shows that filastereans are sister group to a clade containing animals and choanoflagellates, with high-confidence posterior probabilities and non-parametric maximum-likelihood (ML) bootstrap values ( Figure 2A ). Similarly, significant support for the dermocystid Sphaerothecum destruens as sister to the Ichythophonida was found (Figure 2A) . Most importantly, however, we recovered a new holozoan group composed of S. multiformis, which is a freshwater-dwelling predator with a preference for other eukaryotes, and Corallochytrium limacisporum, which is an enigmatic osmotrophic marine organism described in association with corals [9, 10] (Figure 2A ). We provisionally name this new group ''Pluriformea,'' indicating the variety of forms found in these species. The relationship of Corallochytrium to other holozoans has been controversial, and recently it was proposed to group with ichthyosporeans in the ''Teretosporea,'' as the earliestbranching holozoans [5] , which is not supported by our analyses. The node placing ichthyosporeans deepest among holozoans is only moderately supported by ML bootstrap values (74% ML bootstrap support), but it is recovered in both ML and Bayesian inference analyses (Figures 2A, S1A , and S1B). Additionally, stepwise removal of fast-evolving sites, which are the most common cause of long branch attraction (LBA), steadily increases the ML bootstrap support for the node in question ( Figure 2B ), indicating that the recovered topology is not an artifact resulting from LBA. Indeed, fast-evolving site removal suggests that either the Pluriformea or one of the taxa within that group in particular might be artifactually drawn toward the fungi ( Figure 2B ), which might in turn lead to lower bootstrap support for the basal position of ichthyosporeans. Approximately unbiased (AU) tests do not reject the Teretosporea (Table S2) ; however, no support for this topology is found in any of the fast-evolving sites removal datasets ( Figure 2B) , and a phylogenomic analysis based on the same 255-gene dataset but excluding the novel taxa did not recover this group either (see ''Phylogenomic reconstruction without novel taxa'' in the Dryad data depository [http:// datadryad.org] at http://dx.doi.org/10.5061/dryad.26bv4). Finally, to investigate a possible effect of the outgroup on the tree topology, we expanded our outgroup taxon selection to 21 fungal and nucleariid taxa and observed the same topology as in Figure 2A that was reconstructed with a much more reduced outgroup (Figure S1C ). While differing in habitat and feeding, S. multiformis and C. limacisporum do share a number of morphological features: both form amoebae at some point in their life cycle and can also exist as flagellated cells or, in case of C. limacisporum, at least possess the genes to do so [5] . The seemingly complex life cycle of S. multiformis needs to be fully investigated, but preliminary evidence suggests that it shares with C. limacisporum the ability to form a syncytium before dividing into progeny.
Pigoraptor vietnamica and Pigoraptor chileana cluster together and with filastereans, which were so far represented by only two species with distinct lifestyles: the well-investigated endosymbiont of a freshwater snail, Capsaspora owczarzaki, and the free-living marine heterotroph Ministeria vibrans [11] . However, using the small subunit (SSU) rRNA genes from the new species enabled us to determine that an abundant environmental clade, Marine Opisthokonts 1 [12, 13] , also branches with filastereans ( Figure S2 ). The new filastereans species are clearly flagellated ( Figures 1I, 1J, 1M, and 1N ), confirming the previously inferred loss of flagella in C. owczarzaki [5] . Like C. owczarzaki, P. vietnamica and P. chileana can encyst and also form clusters of multiple cells. All three new species feed on eukaryotic prey, suggesting that this feeding mechanism might also be widespread within the unicellular Holozoa and that the ancestor was able to take up prey distinctly larger than bacteria.
Evolution of Cell-Cell Adhesion and Cell-ECM Adhesion Components across Holozoa
Stabilization and expansion of the phylogenomic framework of Holozoa allows us to further clarify the evolutionary histories of the molecular components required for multicellularity. To that end, we performed homology searches and phylogenetic analyses of genes involved in extracellular matrix (ECM) adhesion and cell-cell adhesion. Both new filastereans contain a nearly complete integrin adhesome and the associated signaling and cell-adhesion proteins, such as the IPP complex, scaffolding proteins, receptor tyrosine kinases, and at least one receptor tyrosine phosphatase ( Figures 3A, 3B , S3A, and S3B).
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The presence of Fibronectin-3 domains in several receptor tyrosine kinases and one P. chileana receptor tyrosine phosphatase (see ''Receptor protein tyrosine kinase phylogeny'' and ''Receptor protein tyrosine phosphatase phylogeny'' in the Dryad data depository [http://datadryad.org] at http://dx.doi. org/10.5061/dryad.26bv4), known to interact with integrins [16] , suggests a possible association between the integrin adhesome and tyrosine kinase/phosphatase signaling in Pigoraptor. Tables S1 and S2 and STAR Methods). Novel species and lineages are shown in bold. Node supports are Bayesian posterior probabilities (pp) from a PhyloBayes consensus tree, nonparametric ML bootstrap (bp) values obtained from 1,000 ML replicates using the LG+F+G model implemented in RAxML, and ultrafast bootstrap (UF) values from IQ-TREE. Black dots on branches correspond to 1.0 Bayesian pp and >95% bp and UF. See the Bayesian CAT+GTR+G4 topologies in Figures S1A and S1B, a phylogeny with expanded outgroup taxon sampling in Figure S1C , and an rRNA SSU phylogeny constrained by the IQ-TREE in Figure S2. (B) Fast-evolving site removal sorted alignment positions based on their rates of evolution from fastest to slowest evolving. Sites were then sequentially removed, 4,000 sites at a time, generating alternative datasets at each step. Rapid bootstrap values for each bipartition of interest are plotted. Figure 2A ). The transcriptomes of Pigoraptor vietnamica, Pigoraptor chileana, Syssomonas multiformis, Ministeria vibrans, and Corallochytrium limacisporum were analyzed in this study; the results indicated for animals, choanoflagellates, Capsaspora owczarzaki, and Creolimax fragrantissima are taken from [14] . See the domain architectures of 5ʹ-complete transcripts of P. vietnamica, P. chileana, and S. multiformis in Figure S3A .
(B and C) Integrin adhesome components of P. vietnamica and P. chileana (B) and of S. multiformis (C); color indicates presence (tinted indicates presence only in P. chileana), and white indicates absence. Protein-protein interactions are based on a consensus adhesome from [15] , displaying only interactions with medium or high level of experimental evidence. See also a presence/absence-matrix of the integrin adhesome components of the same unicellular holozoans analyzed in (A) in Figure S3B .
A similar association was suggested for the integrin adhesome and tyrosine kinase signaling in their closest relative, C. owczarzaki, as it also contains receptor tyrosine kinases possessing Fibronectin-3 domains [17] . In C. owczarzaki, it was further shown that the components of the integrin adhesome and tyrosine signaling are strongly upregulated in the aggregative stage, strongly suggesting a role in aggregate formation for these components in Capsaspora [17] . In P. chileana, we also found a secreted protein (containing a signal peptide) consisting of Fibronectin-3 domains only, and both Pigoraptor species express several secreted Laminin G domain-containing proteins ( Figure S3A ), all putative components of the ECM [16, 18] . The integrin-based adhesionrelated complement in S. multiformis reflects its intermediary position in the tree in that it is reduced compared to the filastereans but includes components not found in the more basal ichthyosporean, Creolimax fragrantissima. For example, no Laminin G (or other Laminin) domains were found in our data, whereas Laminin G domains are known in filastereans and choanoflagellates ( Figure 3A) . However, the presence of secreted Fibronectin-3 domain-containing transcripts in S. multiformis ( Figures 3A and S3A ) indicates an interaction of the integrin adhesome with an animal-like ECM, standing in contrast to Creolimax, which has no secreted ECM-related domains [14] . Altogether, these data suggest an emergence of an animallike ECM structure in the ancestor of Pluriformea, filastereans, choanoflagellates, and metazoans after its divergence from ichthyosporeans.
Focal adhesion kinase (FAK) is a cytoplasmic (non-receptor) protein tyrosine kinase that functions in integrin signal transduction together with SRC, another cytoplasmic protein tyrosine kinase, and plays a central role in animal development [19, 20] . Outside of the Metazoa, a bona fide FAK was to date only described in the filastereans C. owczarzaki and M. vibrans [21, 22] . We found a S. multiformis protein clustering with C. owczarzaki and M. vibrans in a phylogenetic analysis, but no Pigoraptor representatives were recovered and choanoflagellate candidates present in that tree did not contain a focal adhesion targeting region indicative for FAKs (see ''CSK and FAK protein tyrosine kinase phylogenies'' in the Dryad data depository [http://datadryad.org] at http://dx.doi.org/10.5061/ dryad.26bv4). The S. multiformis sequence contained a transmembrane domain, suggesting that it encodes for a receptor protein tyrosine kinase, and we could not identify a focal adhesion targeting region either. As RNA-sequencing data do not represent a complete transcriptome, it is difficult to clearly state the absence of any given protein. But the fact that we could not find even a fragment, despite the presence of a large number of tyrosine kinases in general (see protein tyrosine kinase trees in the Dryad data depository [http://datadryad.org] at http://dx. doi.org/10.5061/dryad.26bv4), suggests that FAK is at most present at a low abundance in these organisms and perhaps is even absent (although this cannot be concluded from transcriptome data).
Besides integrin adhesome-associated proteins and signaling pathways, we also searched for proteins particularly involved in cell-cell adhesion. Both Pigoraptor lineages have cadherin domain-containing transcripts similar to the cadherin protein found in Capsaspora and, also like Capsaspora, no evidence for C-type lectin domain-containing proteins. Conversely, in S. multiformis, no cadherin domains were found, but truncated transcripts containing one or more C-type lectin domains were identified. Both cadherin-like and C-type lectin domains have been found outside the Holozoa [23-25], suggesting that either cadherins or C-type lectins may have been specifically lost in the ichthyosporeans, S. multiformis, and filastereans. Whether this distribution is due to lineage-specific roles of those proteins or whether functional redundancy has led to loss of one type of adhesion domain is currently unclear.
Novel Brachyury-Type T-Box Transcription Factors Integrated with a Holozoan Two-Component System
The T-box proteins are an essential family of transcription factors in metazoan development [26, 27] and are thus of key interest in efforts to understand the origin of animals. We identified several T-box domain-containing transcripts in the Pigoraptor lineages and one in S. multiformis, adding to the complement of premetazoan T-box genes already described in filastereans, ichthyosporeans, and fungi [28, 29] . Phylogenetic analysis placed all new T-box domains within the Brachyury family, the most ancient T-box class ( Figure S4 ). We found a transcript containing two T-box domains, as already described in C. owczarzaki, in both new filastereans. However, unlike previous analyses [28], the C. owczarzaki double T-box homolog does not cluster with the other premetaozan T-box class Tbx7 but instead clusters together with the novel double T-box genes within the Brachyury clade ( Figure S4 ).
Most interestingly, however, we identified transcripts with a T-box domain fused to a Response regulator receiver domain. T-box transcription factors containing other domains than the T-box domain have so far only been described in vertebrates, and in that case the domain in question is another DNA-binding domain [30] . The Response regulator receiver domain functions as receiver of phosphorylation signals in two-component signal transduction systems [31] . In its simplest form, this signaling pathway consists of a histidine kinase that regulates the activity of a response regulator and its attached output domain by phosphotransfer. Although these two-component system regulators are predominantly found in prokaryotes, the system has also been co-opted by eukaryotes [32, 33] , concomitant with a prevalent use of multi-step phosphorelays performing more than one phosphotransfer during signal transmission [34] . Two-component signaling elements have been identified in a variety of eukaryotes, such as plants, green algae, diatoms, amoebozoans, and fungi, but not in metazoans [34, 35] . A search for these elements (hybrid histidine kinases, phosphotransfer proteins, and response regulators) in our data, as well as in published genomes representing all known unicellular holozoan lineages, revealed the presence of proteins involved in two-component signaling across all investigated groups (Figure 4) . While the genomes of choanoflagellates and ichthyosporeans encode a maximum of one protein per component, filastereans and S. multiformis contain a diverse array of hybrid histidine kinases associated with additional sensory domains (Table S3 ). The response regulator is either associated with a T-box (Pigoraptor and S. multiformis) or an HLH domain (choanoflagellates, C. owczarzaki, and S. multiformis), another motif characteristic for transcription factors, suggesting that in those lineages, two-component signaling is integrated with transcriptional regulation. To exclude the possibility of a loss of this system after the origin of animals, we also searched for two-component system associated domains in non-bilaterian metazoan lineages represented in our tree and investigated all sequences annotated as metazoan in the pfam database containing such domains. All putative candidates were identified as bacterial contaminations, strongly indicating that the twocomponent system was lost around the same times as the emergence of animals. The loss of a major signaling system concurrently with the origin of multicellularity represents an interesting new dimension to this important evolutionary transition.
Conclusions
An expanded and stabilized phylogenetic framework for the Holozoa allows for a clearer interpretation of the evolutionary history of specific traits leading up to the origin of multicellularity in Metazoa. Phylogenomic analysis revealed a new holozoan clade, Pluriformea, including S. multiformis and C. limacisporum. The distribution of ECM adhesion and cell-cell adhesion molecular components suggests the early emergence of an animallike ECM in the last common ancestor of pluriformeans, filastereans, choanoflagellates, and metazoans and indicates that C. owczarzaki and M. vibrans are the only unicellular holozoan species to have retained a FAK tyrosine kinase, central to animal development. Most significantly, we identify T-box transcription factors with unusual domain architecture in holozoans, showing that transcriptional regulation is controlled by a twocomponent signaling system. Two-component signaling was identified not only in the novel species, but across all lineages of unicellular Holozoa, confirming that the loss of two-component signaling took place around the time of the origin of animals.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: A schematic tree of Holozoa is shown on the left. To the right, circles indicates the presence of a domain in that species; a light-blue circle means only one gene/ transcript could be identified, a dark-blue circle means that more than one gene/transcript was identified, a dotted circle means partial domain only and an asterisk indicates partial transcripts missing one or more domain(s) in question but clustering with a corresponding P. chileana homolog in phylogenetic reconstructions. The names above indicate the domains present in either hybrid histidine kinase proteins or in proteins containing the response regulator receiver domain (REC). All sequences containing the histidine kinase acceptor domain (HisKA), REC domain, and histidine-containing phosphotransfer domain (HPT) were obtained using hmmscan against the PfamA database. Such identified sequences were analyzed for their phylogenetic association and then submitted to Pfam websearch and the SMART database to verify the presence of those domains as well as to identify other domains present. All datasets used for analysis, but the novel species (P. vietnamica, P. chileana, and S. multiformis) were annotated proteins based on genome assemblies. See also Figure S4 for a T-box domain phylogeny containing transcripts with REC domains and paired-end libraries were prepared with the Nextera XT DNA Library Prep Kit (Illumina). Sequencing was performed on the Illumina MiSeq platform with read lengths of 300bp. Clone Opistho-1 was also sequenced from 11 single cells in an initial analysis (same protocol as above) and the resulting data were used to complement the 20-cell data in the phylogenomic analysis.
Assembly of datasets used in phylogenomic analysis
The Syssomonas multiformis raw read datasets, hereafter referred to as ''Sm_culture'' and ''Sm_sorted,'' were subjected to several cleaning steps as we suspected prey contamination particularly in Sm_culture as well as human contamination in Sm_sorted due to handling during sorting. After removal of transposon sequences resulting from library preparation, reads were merged with PEAR using default options The Pigoraptor vietnamica and Pigoraptor chileana raw read datasets were merged using PEAR, then trimmed and simultaneously cleaned from possible primers/transposon sequences with Trimmomatic. As the data were generated from manually isolated cells from a prey-depleted culture, from experience we expected a lower prey contamination. Merged and trimmed reads were assembled and coding regions in the assembly were predicted as described above.
Raw reads for Ministeria vibrans (SRR343051.sra) were downloaded from NCBI's short reads archive and merged, trimmed, assembled and translated as described above. Assembled transcripts for Abeoforma whisleri, Corallochytrium limacisporum, Pirum gemmata, Sphaerothecum destruens (all kindly provided by Guifr e Torruella), Ichthyophonus hoferi (kindly provided by Xavier GrauBov e), Amoebidium parasiticum (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA189477), Oscarella sp., Acropora digitifera and Clytia hemisphaerica (http://compagen.org/datasets.html) were either translated into all six frames using the EMBOSS Transeq tool or peptides were predicted using TransDecoder and a similarity search as described above.
Single-gene tree preparation and concatenation
In addition to the taxa described above we added to or updated the following available transcriptome or genome data in an existing phylogenomic framework: Saccoglossus kowalevskii and Hydra magnipapillata All listed datasets were searched for 263 genes used in previous phylogenomic analyses [58] [59] [60] to generate single gene trees as described in [8] , using in-house scripts and available software as listed. In brief: first all sequences in the 263-gene set, representing a wide eukaryotic diversity, were used as queries in BLASTP [61] searches against the datasets listed above. After a parsing step, a maximum of four non-redundant hits was added to the initial 263-gene set used for the search. The expanded gene sets were aligned with MAFFT L-ins-i v7 [62] and ambiguously aligned positions were trimmed off with trimAL v1.2 ([40] , maximum number of gaps allowed per site: 20%). To identify paralogs and/or contaminations, we performed ML single tree reconstructions under the LG+G4 model using RAxML v8 [63] in combination with 100 rapid bootstraps. Single-gene trees were manually screened to flag contaminating and paralogous sequences. Of note, particularly the S. multiformis transcripts derived from culture contained a high fraction of Spumella sp. transcripts and we frequently found bacterial transcripts in P. vietnamica, whereas the S. multiformis transcripts derived from cell sorting were successfully cleaned from the human contamination as shown by the absence of human transcripts in the single-gene trees. The datasets of A. digitifera, C. hemisphaerica and S. ciliatum also contained transcripts of Symbiodinium sp., a member of the Viridiplantae and a ciliate, respectively. All such sequences as well as other less frequent contaminants, paralogs and sequences of uncertain identity were removed from the expanded gene sets, resulting in a final 255-gene dataset. The gene sets were aligned and trimmed as before, followed by taxon selection and concatenation with SCaFoS v 1.2.5 [41], resulting in a 38-taxa matrix of 81,495 aa positions used for phylogenomic analysis.
Phylogenomic analyses, fast-evolving site removal analysis and AU test The ML phylogeny (see Figure 2A ) was inferred by IQ-TREE [42] using the C40 empirical mixture model in combination with the LG matrix, amino acid frequencies computed from the data and four gamma categories for handling the rate heterogeneity across sites (LG+C40+F+G4 model) plus 1000 ultrafast (UF) bootstrap approximations. Empirical profile mixture models represent the true evolutionary processes more realistically than traditional empirical matrices (e.g., LG [64] ). Additionally, nonparametric ML bootstrap support was obtained from 1000 ML replicates using the LG+F+G model implemented in RAxML. Per site evolutionary rates were estimated using the program DistEst [43] and sites were then sorted from fastest to slowest rate. Sites with highest rate were then sequentially removed 4000 sites at a time, generating an alternative dataset at each step.
We created the topologies for AU test by generating all possible relationships between Ichthyosporea, Pluriformea, Filasterea, Choanoflagellatea and Metazoa, while the topologies within these groups were fixed to our IQ-TREE topology. Branch lengths and other parameters were optimized by IQ-TREE under the LG+C40+F+G4 model and site likelihoods were generated. To perform AU test, the program CONSEL [44] was used with default settings. All topologies were rejected (p value < 0.05); with the exception of our main topology shown in Figure 2 , the Teretosporea topology (i.e., the Pluriformea and Ichthyosporea monophyly) and the topology where Pluriformea form the earliest-branching group of the Holozoa (see Table S2 ).
Bayesian Inference was performed with PhyloBayes MPI 1.4 [65] using the GTR matrix in combination with the CAT infinite mixture model and four gamma rate categories. We ran four MCMC chains for 9,800 generations and saved every second tree. We tested for convergence (maxdiff < 0.1) using bpcomp, implemented in PhyloBayes, with default parameters (burn-in of 20%). Two chains each converged (see Figures S1A and S1B) with the topologies differing within the metazoa.
We also tested the effect of an expanded outgroup on our tree topology by computing an ML tree with 400 nonparametric bootstrap approximations using the LG+F+G model as implemented in RAxML (see Figure S1C) 18S rRNA phylogenetic analysis The 18S rRNA sequence for strain Colp-12 was amplified using the primer pairs PF1-FAD4 [37] and EukA-EukB [36], for strain Opistho-1 the primer pair EukA-EukB was used and the 18S rRNA sequence for strain Opistho-2 was extracted from the transcriptome data.
The taxon sampling for the 18S rRNA tree was based on the ones used in del Campo and Ruiz-Trillo 2013 [12] . Sequences were aligned using MAFFT auto mode (-auto). Alignments were checked using AliView [67] and highly variable regions of the alignment were removed using trimAl 1.2 (-gt 0.3 -st 0.001). Maximum likelihood (ML) phylogenetic trees were constructed with the fastML method of RAxML 7.2.6 [68] assuming the GTRCAT substitution model. The resulting ML tree came out of 1000 independent tree searches (starting from distinct randomized maximum parsimony trees). In order to assess tree uncertainty, a non-parametric bootstrap analysis was performed with 1000 replicates. A constrained tree (see Figure S2 ) was built using the same RAxML parameters plus the g function and using our multigene tree as constrain. Tree figures were edited with iTol [45].
T-box domain phylogeny
To identify T-box domains in the transcriptomes of S. multiformis, P. vietnamica and P. chileana we used hmmscan (HMMER3.1; hmmer.org) to search our data against the Pfam-A database v29.0 [47], requiring all possible hits to fall within the stringent manually curated Pfam gathering threshold. Thus identified transcripts were submitted to the InterProScan [69] web tool to determine the domain coordinates. The extracted domain sequences were added to an alignment from [28] , realigned with MAFFT L-ins-i and trimmed using trimAl as described above. We reconstructed the best of 50 ML trees using the LG+G model implemented in RAxML v8 and calculated 1000 ML nonparametric bootstrap trees (see Figure S4) . We also performed Bayesian Inference using PhyloBayes, running 4 chains until convergence (bpcomp-calculated maxdiff < 0.1) and plotted the resulting posterior probabilities onto the ML tree.
Gene and domain analyses
Genes associated with multicellularity (see Figure S3B ) were identified by a bi-directional BLASTP search using the corresponding H. sapiens protein sequences as query and in turn using the best hit in a reverse search against the GenBank nr database to again recover the protein in question. In case of unclear phylogenetic association or doubts about the transcript identity, candidates were further analyzed by phylogenetic reconstruction using FastTree v2.1.7 [46] and a custom database that expands on the taxa listed in Table S1 to account for the contaminations detected during phylogenomic analysis. Due to the large size of the tyrosine kinase family, we prepared high quality trees using RAxML v8 for the cytoplasmic tyrosine kinases SRC, CSK and FAK as well as for the receptor tyrosine kinases and phosphatases discussed in the manuscript. After an initial BLASTP step of the query against our custom database, were parsed for hits with an e-value threshold % 1e-25 or less, to yield a reasonable alignment size. After alignment with MAFFT L-ins-i, poorly aligned regions were eliminated using trimAl with a gap threshold set at 80%. After initial tree reconstruction with FastTree and manual alignment and tree inspection, ML tree reconstructions were performed with RAxML v8, calculating the best of 50 trees and 1000 nonparametric bootstrap replicates using the LG+G model implemented in RAxML for each query candidate.
We performed domain analysis (see Figures 3A and 4) by searching the datasets of interest against the Pfam-A database using hmmscan as implemented in hmmer as described above (using the Pfam gathering threshold). Transcripts containing domains of interest were further investigated with the InterProScan web tools as well as submitted to the SMART sequences search. Software integrated into InterProScan and the SMART sequences search was also used to predict signal peptides (SignalP) and transmembrane regions (TMHMM) to test whether a peptide is putatively secreted and/or integrated into a membrane or not. To exclude possible contaminations, transcripts were also submitted to a BLASTP search against the GenBank nr database and, in case of doubt concerning their phylogenetic association, were used in phylogenetic reconstructions using FastTree 2.1.7 and our custom database. Transcripts with unexpected domain combinations, such as combinations of eukaryotic with typical bacterial domains, were also subjected to read coverage analysis. For that purpose, we mapped the raw reads of the novel taxa onto their respective Trinity assemblies, using Bowtie 2.1.0 with the non-deterministic option and inspected the read coverage of transcripts of interest using the Integrative Genomics Viewer (IGV) [70] .
DATA AND SOFTWARE AVAILABILITY
The ''Syssomonas multiformis predicted peptides (culture)'', the ''Syssomonas multiformis predicted peptides (sorted)'', the ''Pigoraptor vietnamica predicted peptides'', the ''Pigoraptor chileana predicted peptides '', the ''Single-gene alignments (trimmed) for phylogenomic analysis'', the ''Phylogenomic reconstruction without novel taxa'', all protein tyrosine kinase/phosphatase trees and all trees from the main and supplemental figures of the manuscript in newick format have been deposited to the Dryad data depository (http://datadryad.org) at http://dx.doi.org/10.5061/dryad.26bv4.
